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Dendritic cells (DCs) are powerful activators of primary and secondary immune responses and have promising activity 
as anticancer vaccines. However, various populations of immune cells, including natural killer cells, regulatory T cells 
and especially cytotoxic T lymphocytes (CTLs), can inhibit DC function through cytotoxic clearance. Spontaneous 
tumor-specific CTL responses are frequently observed in patients before immunotherapy, and it is unclear how such 
pre-existing responses may affect DC vaccines. We used an adoptive transfer model to show that DC vaccination fails to 
induce the expansion of pre-existing CTLs or increase their production of interferon y (IFNy). The expansion and effector 
differentiation of naive host CD8 + T cells was also suppressed in the presence of CTLs of the same specificity. Suppression 
was caused by the cytotoxic activity of the adoptively transferred CTLs, as perforin-deficient CTLs could respond to DC 
vaccination by expanding and increasing IFNy production. Proliferation and effector differentiation of host CD8 + T cells 
as well as resistance to tumor challenge were also significantly increased. Expression of perforin by antitumor CTLs was 
critical in regulating the survival of vaccine DCs, while FAS/FASL and TRAIL/DR5 had a significant, but comparatively 
smaller, effect. We conclude that perforin-expressing CTLs can suppress the activity of DC vaccines and prevent the 
expansion of naive and memory CD8 + T cells as well as antitumor immune responses. We suggest that, paradoxically, 
temporarily blocking the cytotoxic functions of CTLs at the time of DC vaccination should result in improved vaccine 
efficiency and enhanced antitumor immunity. 



Introduction 

Dendritic cells (DCs) are powerful antigen-presenting cells 
whose role in the initiation of primary CD4* and CD8 + T-cell 
immune responses, as well as in the reactivation of memory 
CD8* T-cell responses, is well recognized. 1 Because of their high 
immunogenicity, DCs loaded with different types of antigenic 
tumor material, including peptides, tumor lysates or apoptotic 
tumor cells, have been used as vaccines in several studies of 
tumor immunotherapy (reviewed in ref. 2). The results of these 



studies have confirmed that DC-based vaccines can successfully 
elicit antitumor immune responses and, in some cases, generate 
objective clinical responses. 

Tumor progression is the result of an ongoing reciprocal inter- 
action between malignant cells and the immune system. 3 As a 
consequence, patients frequently show spontaneous immune 
response to antigens expressed by tumor cells. 4 Tumor-specific 
CD8* cytotoxic T lymphocytes (CTLs) can be observed in the 
peripheral blood, secondary lymphoid organs and at the tumor 
site. These T cells may show an activated phenotype 5 but their 
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impact of such killing on antitumor T-cell 
responses has not been fully examined. 

In this study, we examine the effect of 
CTL-mediated cytotoxicity on the induc- 
tion of antitumor T cell responses by DC 
vaccines. We used mutant CTLs and/or 
DCs to characterize the contribution of 
different cytotoxic mechanisms to DC kill- 
ing. We show that wild-type (WT) CTL, 
but not CTL that are defective in cytotoxic 
function, strongly inhibit the induction 
of primary and memory T-cell responses 
by DC vaccines as well as the boosting of 
antitumor immune responses. Our results 
suggest that existing antitumor immune 
responses can have a substantial effect on 
the impact of DC-based immunotherapies 
and predict that temporary inhibition of 
cytotoxic function may result in improved 
therapeutic effect of DC vaccination. 

Results 



Figure 1. CTL-mediated killing of DCs in vivo is mainly perforin-dependent and is modestly 
affected by inactivation of the FAS/FASL or TRAIL/DR5 pathways. (A-E) WT and PKO CTL were 
generated in vitro by culturing TCR-transgenic T cells with DCs and Ag. Activated T cells were 
expanded in IL-2 for 1-2 d, and transferred i.v. into naive syngeneic recipients. One day later 
recipient mice were injected s.c. with DCs loaded or not with Ag. DC survival was determined 
in the draining LN 48 h after DC injection. (A) CTL phenotype before transfer. WT and PKO L318 
CTLs were generated as described, re-stimulated with specific peptide (IFN-y only) and exam- 
ined for the expression of the indicated activation markers by flow cytometry. Filled histograms: 
unstained CTLs; solid line, WT CTLs; dashed line, PKO CTLs. (B) Recovery of WT and PKO L318 
CTLs from the spleen and LNs of naive recipients one day after transfer. The bar graph shows 
means + SEM for 3 mice/group. (C) In vivo killing of Ag-loaded WT DCs by WT or PKO L318 CTLs. 
Recipient mice were injected with 10, 4 or 1 million CTLs as indicated; DC killing was examined 
in draining LN 48h after DC challenge. The bar graph shows means + SEM for 3 mice/group. 
(D and E) In vivo killing of Ag-loaded WT, Fas"" or Dr5~'- DCs by WT and PKO OT-I CTLs. Recipient 
mice were injected with 5 x 10 6 CTLs and 0.5 x 10 6 DCs; DC killing was examined in draining 
LN 48 h after DC challenge. Bar graphs show means + SEM for groups of 3-6 mice, and are 
representative of 2-8 experiments that gave similar results. NS, not significant; * 0.01 < p < 0.05; 
** 0.001 < p < 0.01; *** p < 0.001 by one-way AN OVA with Tukey's post-test. 



characterization has often revealed various degrees of functional 
impairment 6 including signaling defects, 7 expression of markers 
associated with inactivation, 8,9 and altered cytokine responses. 10,11 
In contrast, the cytotoxic activity of tumor-specific CD8* T cells 
is mostly preserved. 12 Immunotherapy aims at re-programming 
the immune response from a status of functional unresponsive- 
ness to the activation of effector functions. 13 

A few studies have examined the impact of existing antitumor 
immune responses on the success of subsequent immunothera- 
pies. In the case of DC-based vaccines, it is known that T cells 
have the capacity to clear antigen-presenting DCs, 14,15 but the 



Multiple cytotoxic mechanisms contribute 
to the clearance of vaccine DCs by CTLs 
in vivo. We wished to examine the effect of 
CTL- and non CTL-mediated cytotoxicity 
on the ability of DC vaccines to re-stimu- 
late antitumor immune responses. We used 
an adoptive transfer model in which T-cell 
receptor TCR-transgenic WT or perforin 
knockout (PKO) CTLs were activated in 
vitro and injected i.v. into C57BL/6 hosts. 
In these mice, specific CTLs differentially 
expressed perforin, while all other cell pop- 
ulations including natural killer (NK) cells 
and regulatory T cells (Tregs) were perfo- 
rin sufficient. WT and PKO CTLs were 
recovered from in vitro cultures in similar 
numbers (not shown), and expressed simi- 
lar levels of activation markers and of the 
cytotoxic granule protein granzyme B 
(Fig. 1A). Antigen (Ag) -dependent inter- 
feron 7 (IFN*y) production (Fig. 1A), FASL 
expression and granule exocytosis (data not 
shown) by the two populations were also similar. After adoptive 
transfer, WT and PKO CTLs were recovered from both lym- 
phoid (Fig. IB) and non-lymphoid (not shown) tissues in similar 
numbers. Thus, WT and PKO CTLs did not differ to notable 
extents in terms of activation status or in vivo distribution. 

We examined the survival of vaccine DCs in C57BL/ 6 mice 
injected with WT or PKO CTLs. WT CTLs effectively killed 
Ag-loaded WT DCs injected s.c, and prevented their accumula- 
tion in draining lymph nodes (LNs), while PKO CTLs were about 
10-fold less effective in doing so (Fig. 1C). To examine cytotoxic 
mechanisms other than those mediated by perforin, mice were 
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injected with WT or PKO CTLs and then challenged with WT 
DCs or DCs lacking death receptors. This setup enabled us to 
test the combined effect of multiple defects in cytotoxic func- 
tion. As shown in Figure ID, Ag-loaded WT DCs were almost 
completely eliminated by WT CTLs. Perforin deficiency reduced 
the effectiveness of DC killing by half, whereas FAS inactivation 
had a more modest effect. When both perforin and FAS were 
simultaneously inactivated, DC killing was significantly reduced 
as compared with the inactivation of perforin alone, but was not 
completely abolished. Similar results were obtained using DCs 
from Dr5~'~ mice (Fig. IE). Thus, inactivating DR5 had a small 
but significant effect on the susceptibility of DCs to killing by 
PKO CTLs, but the simultaneous inactivation of both perforin 
and the DR5/TRAIL pathway was not sufficient to abolish kill- 
ing. Thus, perforin is the main effector mechanism underlying 
the killing of DCs by CTLs, while FASL and TRAIL have a 
measurable, but less prominent, role. 

PKO CTLs respond more vigorously than WT CTLs to s.c. 
vaccination with DCs loaded with Ag. We compared the response 
of WT and PKO CTLs to DC vaccination. Vaccination with DCs 
and no Ag induced some expansion of CTLs in the LN drain- 
ing the vaccination site. However, the size of these cells remained 
relatively small (Fig. 2A). Immunization with DCs loaded with 
Ag led to a modest increase in the cell size and the division of 
WT CTLs (Fig. 2A and B). In contrast, PKO CTLs increased 
in size and proliferated vigorously (Fig. 2A and B). Similarly, 
the numbers of WT CTLs in LN were only slightly increased in 
mice injected with DC loaded with Ag as compared with animals 
receiving DCs only, while the numbers of PKO CTLs were signif- 
icantly higher (Fig. 2B). The numbers of WT CTLs found in the 
spleen on day 7 after vaccination (Fig. 2C), and their frequency in 
blood (not shown) were also consistently lower than those of PKO 
CTLs in similarly vaccinated mice. Thus, the response of PKO 
CTLs to DC vaccines is stronger than the response of WT CTLs. 

The experiments described above used DCs loaded with 
peptide Ag. We wished to determine whether DCs loaded with 
whole protein Ag would show a superior ability to induce the pro- 
liferation of WT CTLs in vivo. We used OT-I CTLs and DCs 
loaded with ovalbumin (OVA) at 2 mg/mL, after preliminary 
experiments showed that this dose of OVA is sufficient for effi- 
cient cross-presentation and results in Ag presentation in LNs. 
As shown in Figure 2D, immunization with DCs loaded with 
peptide or protein Ag induced comparable extents of division of 
WT CTLs as well as comparable numbers of CD8 + T cells in the 
draining LN. Therefore, loading DCs with protein vs. peptide Ag 
does not change the response of WT CTLs to DC vaccines. 

The increased response of PKO CTLs to DC vaccination 
is cell extrinsic. The stronger proliferation of PKO CTLs com- 
pared with that of WT CTLs might be due to the intrinsic toxic- 
ity of perforin, 16 or to extrinsic factors. To address this possibility, 
we designed an experiment in which WT and PKO CTLs were 
exposed to similar numbers of Ag-loaded DCs in the LN, as cell- 
intrinsic effects of perforin should still affect the response in this 
scenario. Naive recipient mice were injected with Ag-loaded DCs 
first, and then with CTLs at a later time point. In these condi- 
tions, CTLs can stop the accumulation of DCs in the LN, but 



have little effect on the DCs that are already in the LN or its close 
proximity (Fig. 3A). 

Mice were injected with Ag-loaded DCs, and then given 
CFSE-labeled WT or PKO CTLs 24 h later. CTL proliferation 
was evaluated in the draining LN 66 h after the transfer of CTLs. 
As shown in Figure 3B, both WT and PKO CTL populations 
increased in cell size and divided in response to DCs loaded with 
Ag, with the responses of these CTL populations being similar 
to each other. The percentages of WT and PKO CTLs were also 
comparably increased (Fig. 3C), suggesting a similar expansion 
of the two populations. We conclude that WT and PKO CTLs 
have a similar ability to respond to Ag when this is appropriately 
presented in the LN. 

WT, but not PKO, CTLs inhibit the response of naive CD8 + 
and CD4 + T cells to DC vaccination. We next asked whether 
WT and PKO CTLs would differentially affect the prolifera- 
tion of naive T cells of the same specificity. Naive C57BL/6 mice 
were injected i.v. with CFSE-labeled CD45.1* naive CD8 + T cells 
together with CD45.1" WT CTLs, PKO CTLs, or no CTLs. 
Mice were vaccinated with DCs loaded with Ag or DCs only, 
and CD8* T-cell proliferation was evaluated in the draining LN 
3 d later. As shown in Figure 4A, proliferation was observed only 
in mice vaccinated with DCs loaded with Ag. In the absence of 
CTLs, naive CD8 + T cells increased in cell size and underwent 
several cycles of division. When WT CTLs were present, CD8 + 
T cells underwent fewer divisions, and their cell size was only 
modestly increased. In contrast, PKO CTLs had almost no effect 
on the response of CD8* T cells, which proliferated and increased 
in cell size almost as vigorously as in the absence of CTLs. The 
results of this experiment are summarized in Figure 4B, which 
shows the percentage of CD45.LCD8* cells that divided 5 times 
or more. Similarly, Figure 4C shows that, in mice vaccinated with 
DCs loaded with MHC Class I and Class Il-restricted peptides, 
the number of CD8 + and CD4* T cells, respectively, that under- 
went division in the draining LN was significantly lower in the 
presence of WT CTLs. Inactivation of perforin-dependent kill- 
ing in CTLs partly reversed this decrease, while inactivation of 
FAS-dependent cytotoxicity had a small, non-significant effect. 
When perforin-dependent and FAS-dependent killing were 
simultaneously inactivated by using PKO CTLs and Ipr DCs, 
the effect of CTLs on the division of naive CD4* and CD 8* T 
cells was mostly reversed. 

Increased cytokine production by CD8 + T cells after DC 
vaccination is inhibited by WT but not PKO CTLs. We wished 
to determine whether differential CD8* T-cell proliferation in the 
presence of WT or PKO CTLs is also associated with differences 
in cytokine production. Mice were injected with CTLs and vac- 
cinated with DCs as described above, and intracellular cytokine 
production was examined in the spleen 7 d later. As shown in 
Figure 5A and B, WT and PKO CTLs from mice vaccinated with 
DCs only were able to produce IFN7 upon in vitro re-stimula- 
tion, as would be expected for pre-activated memory cells, while 
cytokine production by host CD8 + T cells was undetectable. 
Vaccination with DCs loaded with Ag did not detectably increase 
IFN7 production, either by WT CTLs, or by the host CD8* T-cell 
population, suggesting that DC vaccination had little impact on 
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Figure 2. PKO CTLs respond more vigorously than WT CTLs to vaccination with Ag-loaded DCs. (A-D) WT CTLs and PKO CTLs were generated as 
described in the legend to Figure 1, labeled with CFSE and transferred i.v. into CD45-congenic recipients. One day later recipient mice were vaccinated 
s.c. with Ag-loaded DCs or DCs only, and CTL responses were determined as detailed below. (A) Representative flow plots of WTand PKO L318 CTLs 
recovered from draining LN 3 d after immunization with DCs only or Ag-loaded DCs. (B) Expansion of WTand PKO L318 CTLs in draining LNs was 
determined 3 d after vaccination with Ag-loaded DCs or DCs only. Data are from the same experiment shown in (A). (C) Numbers of WT and PKO L318 
CTLs were determined in the spleen 7 d after s.c. vaccination with Ag-loaded DCs or DCs only. (D) Expansion of WT OT-I CTLs in draining LNs was de- 
termined 3 d after vaccination with DCs loaded with peptide Ag (DCs+pept), DCs loaded with protein Ag (DCs+prot), or DCs only. Each dot represents 
one mouse. Data are from one of 2-6 experiments that gave similar results (A and B), or combined from two independent experiments (C and D). 
Statistical analysis refers to the comparison between mice that received DCs loaded with Ag. NS, not significant; * 0.01 < p < 0.05; ** 0.001 < p < 0.01 by 
Student's t-test (B and C) or one-way ANOVA with Tukey's post-test (D). 



immune responses in these mice. Production of tumor necrosis 
factor a (TNFa) by WT and PKO CTLs was already very high 
(Fig. 5C), and did not further increase upon DC vaccination. In 
contrast, the production of IFNy by PKO CTLs was substantially 
increased after vaccination with Ag-loaded DCs, and was signifi- 
cantly higher than that by WT CTLs (Fig. 5B). Priming of host 
CD8 + T cells to IFN7 and TNFa production (Fig. 5B and C) was 
also observed, suggesting that in these mice vaccination with DCs 
loaded with Ag induces the activation of naive cells. We conclude 
that WT CTLs inhibit the ability of DC vaccines to prime naive 
CD8 + T cells to IFNy and TNFa production. 

DC vaccines fail to boost antitumor immunity in mice 
adoptively transferred with WT CTLs. We wished to determine 
whether increased responses to DC vaccination in mice receiving 
PKO vs. WT CTLs might also correlate with improved tumor 
resistance. We used a Lewis lung carcinoma (LL-LCMV) model, 
as our previous work indicates that IFN"y is critical for rejection 
of this tumor, 17 while perforin is not required (data not shown). 
Mice received WT or PKO CTLs at a dose that confers only par- 
tial tumor protection, and they were vaccinated on the next day 



with DCs without Ag or Ag-loaded DCs to boost the response. 
As shown in Figure 6A, mice injected with WT or PKO CTLs 
and vaccinated with DCs without Ag developed tumors at simi- 
lar rates, which were slower than the rates observed in naive 
mice. Vaccination with DCs loaded with Ag modestly delayed 
tumor growth in mice injected with WT CTLs, but significantly 
improved survival in mice injected with PKO CTLs. Thus, the 
vaccine activity of Ag-loaded DCs is inhibited by CTLs via their 
cytotoxic function. 

We then asked whether vaccination with DCs loaded with 
protein, instead of peptide, Ag might be more effective at improv- 
ing the response of WT CTLs to an OVA-expressing B16 mela- 
noma. PKO CTLs were not used in this experiment, since their 
ability to control the growth of B16-OVA tumors is impaired by 
perforin deficiency (data not shown). As shown in Figure 6B, 
vaccination with DCs loaded with peptide Ag or with protein 
Ag did not significantly boost the ability of WT CTLs to delay 
the growth of B16-OVA tumors. In addition, DCs loaded with 
protein Ag were not superior to DC loaded with peptide Ag in 
boosting the response of WT CTLs. 
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Discussion 

In this paper, we demonstrate that pre- 
existing cytotoxic antitumor immunity 
has a substantial inhibitory effect on 
the efficacy of DC vaccines. Our stud- 
ies were based on an adoptive transfer 
model that enabled us to carefully con- 
trol the activation status and numbers 
of T cells transferred in vivo, as well 
as to select experimental conditions 
whereby transferred CTLs exactly 
reproduced the findings in immunized 
mice, 18 hence generating results that 
are relevant to physiological responses. 
This experimental setting enabled us 
to closely examine the mechanism 
by which CTLs inhibit immune 
responses, by eliminating the contri- 
bution of other immune cells such as 
NK or Tregs, and by allowing for the 
discrimination between the responses 
of the CTLs themselves and those of 
na'ive host cells. Using this model, 
we demonstrate that CTLs can sup- 
press primary and secondary immune 
responses as induced by DC vaccina- 
tion, leading to impaired boosting of 
antitumor immunity. Importantly, we 
also find that reducing the cytotoxic 
function of CTLs through the genetic 
inactivation of perforin results in a sig- 
nificantly improved ability to generate 
strong primary and memory immune 
responses to DC vaccines, as well as 
in improved tumor rejection. Thus, 
perforin expressed by CTLs medi- 
ates a powerful immunoregulatory 
role that limits the efficacy of tumor 
immunotherapy. 

We considered the possibility that 
DCs loaded with peptide Ag, as used 
in several of our experiments, might be 
especially sensitive to CTL-mediated 
killing due to the high expression of 
MHC Class I-peptide complexes at 
their surface. 19 To assess this possibil- 
ity, we compared DCs loaded with 
peptide Ag to DCs loaded with protein 
Ag, which requires processing and gen- 
erates lower numbers of surface MHC 
Class I-peptide complexes. 19 Our pre- 
vious experiments using DCs loaded 

with protein Ag confirmed that these DCs are indeed less suscep- 
tible to CTL-mediated killing than peptide-loaded DCs and are 
able to access the LN in detectable numbers. 20 Nonetheless, the 
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Figure 3. WT and PKO CTLs respond equally well to Ag presented in the LN. (A) Naive mice were injected 
s.c. with a 1:1 mix of CFSE-labeled Ag-loaded DCs, and CTO-labeled DCs with no Ag. Six hours later, half 
of the mice were injected i.v. with OT-I CTLs activated in vitro as described in Figure 1. At the indicated 
time points, mice were sacrificed and the numbers of CFSE + and CTO + DCs in draining LNs were evaluat- 
ed by flow cytometry. Each symbol shows mean ± SEM for a group of 3-6 mice; data are from one of two 
experiments that gave similar results. (B and C) WT and PKO L318 CTLs were generated as described, 
labeled with CFSE and transferred i.v. into CD45-congenic recipients that had been injected s.c. one day 
earlier with Ag-loaded DCs or DCs only. CTL responses were examined in draining LNs 66 h after CTL 
transfer. (B) Representative flow plots of live CD8 + cells recovered from the draining LNs of mice adop- 
tively transferred with WTor PKO CTLs and immunized with DCs only or Ag-loaded DCs. Gates highlight 
large activated cells (top row) or divided cells (lower row). (C) Expansion of WTand PKO CTLs in draining 
LNs of mice vaccinated with DCs only or Ag-loaded DCs. Each dot represents one mouse, gating was as 
in (B). Combined data from two independent experiments are shown. NS, not significant. 



ability of protein-loaded DCs to re-stimulate CTL proliferation, or 
boost antitumor immune responses, was not improved, suggesting 
that Ag reaching the LN was not sufficiently immunogenic. 
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Figure 4. The proliferation of naive CD4 + and CD8 + cells after vaccination with Ag-loaded DCs is inhibited by WT, but not PKO, CTLs. (A-C) WT and PKO 
CTLs were generated as described in the legend to Figure 1 and transferred i.v. into syngeneic recipients together with CD45-congenic, CFSE-labeled 
naive T cells. One day later, mice were vaccinated with Ag-loaded DCs or DCs only. Proliferation of the naive T-cell population was assessed in draining 
LNs 3 d after vaccination. (A) Representative flow plots of naive L318 CD8+T cells recovered from the draining LNs of mice adoptively transferred with 
L318 CTLs and immunized with DCs. (B) Percent naive L318 CD8 + T cells divided 5 times or more, recovered from the draining LNs of the indicated 
experimental groups. Data are from one of two experiments that gave similar results and are from the same experiment shown in (A). Each symbol 
corresponds to one mouse. (C) Numbers of divided, naive OT-I CD8 + T cells and OT-II CD4 + T cells recovered from the draining LNs of mice that were 
adoptively transferred with 5 x 10 6 WT or PKO OT-I CTLs, and immunized with 0.5 x 10 6 WT or Faslpr DCs. Bar graphs show means + SEM for groups of 
4-10 mice. NS, not significant; * 0.01 < p < 0.05; ** 0.001 < p < 0.01; *** p < 0.001 by one-way ANOVA with Tukey's post-test. 



The relevance of our findings is 2-fold. First, our data are rel- 
evant in the context of DC-based immunotherapy. As shown in 
Figure 6, the cytotoxic ability of tumor-specific CTLs essentially 
prevented DC vaccine from boosting tumor-protective immu- 
nity, presumably by preventing the priming of host CD8* T 
cells as well as the acquisition of multifunctional effector activ- 
ity by memory T cells that is normally observed after repeated 
antigenic stimulations. 21 DCs loaded with protein Ag were not 
significantly more effective than DCs loaded with peptide, sug- 
gesting that the failure of DC vaccination to boost antitumor 
immunity is not due to the method of antigen loading. Indeed, 
results from control experiments indicated that DCs loaded with 
OVA protein or an OVA-derived peptide were equally effective 
at inducing primary antitumor immune responses in naive mice 
(data not shown). We did not investigate whether other types 
of immunotherapies, such as the administration of Ag together 
with adjuvant, are affected by CTL cytotoxic function. Given 



the central role of DCs in antigen presentation in vivo, we would 
expect most immunotherapies to be affected by CTL activity, at 
least to some extent. As tumor-specific CTLs are often observed 
in cancer patients even before treatment, our findings are likely 
to be relevant to a considerable proportion of patients before and/ 
or during immunotherapy. 

Second, our data provide a mechanism that potentially under- 
lies increased immune responses as observed in perforin-deficient 
mice and humans. 22,23 For example, PKO mice generate increased 
immune responses upon repeated immunization or viral infec- 
tion, 18,22,24 and may succumb to severe inflammation when 
vaccinated. 25 The interpretation of some of these studies is com- 
plicated by the use of infection models in which perforin-express- 
ing cells also participate in the clearance of infectious agents. 22,26 
The resulting increased Ag load makes it difficult to establish 
the precise cause of increased immune responses. 26 " 28 In addi- 
tion, perforin has been reported to be necessary for the function 
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of Tregs, 29,30 suggesting that defective Treg function 
may contribute to enhanced immune responses. Our 
study used a non-replicating Ag to exclude effects of 
varying Ag load, and an adoptive transfer model in 
which only CD8* T cells differed in perforin expres- 
sion. This simplified model nonetheless recapitulated 
several characteristics of perforin deficiency 22,26 such 
as increased expansion of CD4* and CD 8* T cells 
as well as an increased capacity of T cells to produce 
cytokines. Thus, a selective deficiency of perforin in 
the CTL population combined with Ag presentation 
by DCs is sufficient to reproduce the main features 
of disregulated immune responses observed in PKO 
hosts. Other authors have suggested that CD8 + T cells 
regulate Ag presentation in vitro 31 and in vivo 32,33 and 
that perforin 27 and/or FAS 34 are critical mediators of 
this process. Some of these studies used naive WT and 
PKO T cells, while our experiments used activated 
CTLs that were already cytotoxic before transfer, and 
expressed FASL (not shown) and presumably also per- 
forin and TRAIL. 35 In these conditions, perforin was 
clearly the major mediator to regulate DC killing and 
T-cell responses, while FAS and DR5 played a smaller, 
but significant, role. 

One additional mechanism that might explain 
increased T-cell responses in PKO mice is T-cell sui- 
cide or fratricide, whereby WT CTLs succumb to the 
toxic effect of endogenously expressed cytotoxic media- 
tors, 16,36 or kill each other upon recognition of Ags 
acquired from antigen-presenting cells through trogo- 
cytosis. 37 To examine this possibility we performed a 
simple experiment in which mice were injected with 
DCs first, to enable DC migration to LNs, and then 
adoptively transferred with WT or PKO CTLs. If per- 
forin was involved in T-cell suicide or fratricide, in such 
setting PKO T cells should still survive better than 
WT cells, and accumulate in LNs in larger numbers. 
However, this was not the case. The similar response of 
WT and PKO CTLs strongly suggests that the effect of 
perforin is not cell-intrinsic, but mediated via a second 
population of cells, most likely DCs. 

In conclusion, our data describe a perforin-depen- 
dent mechanism of regulation of the immune response, 
and provide evidence that this mechanism significantly 
affects the efficacy of DC-based vaccines. We propose 
that this mechanism acts as an additional "immune 
checkpoint" 38 that counteracts DC-based immuno- 
therapy and may be co-opted by tumors to escape the 
immune response. 3 ' We also present evidence that, 
in the context of DC immunotherapy, this perforin- 
dependent checkpoint operates during a brief period 
soon after DC administration. Therefore, our results 
suggest that, paradoxically, a temporary blockade 
of T cell-mediated cytotoxic function at the time of 
DC vaccination, as would be rendered possible by the 
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Figure 5. The increase in frequency of IFN7-producing CD8 + T cells after vaccina- 
tion with Ag-loaded DCs is inhibited by WT, but not PKO, CTLs. (A-C) CD45.1 mice 
were injected with CD45.2+ WT or PKO L318 CTLs and vaccinated with Ag-loaded 
DCs or DCs only as described in the legend to Figure 2. Cytokine production by 
transferred CTLs and by the host naive T-cell population was assessed in the spleen 
7 d after DC immunization. (A) Representative flow plots of total CD8 + T cells from 
spleens in the indicated treatment groups. Spleen cells were re-stimulated in vitro 
in the presence of specific Ag and stained for intracellular IFN7. (B) Percentages 
of adoptively transferred CTLs (left) and host resident CD8 + T cells (right) that 
were IFN-y + by in vitro re-stimulation and intracellular staining. (C) Percentages of 
adoptively transferred CTLs (left) and host resident CD8 + T cells (right) that were 
TNFa + by in vitro re-stimulation and intracellular staining. Each dot plot shows 
combined data from two independent experiments. Each symbol corresponds to 
one mouse. Statistics refer to the comparison between mice adoptively transferred 
with WT or PKO CTLs, and immunized with Ag-loaded DCs. NS, not significant; 
* 0.01 < p < 0.05; *** p < 0.001 by a two-tailed unpaired Student's t-test. 
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In vitro culture media and reagents. All cultures 
were in complete Iscove-modified Dulbecco's medium 
(IMDM), consisting of IMDM supplemented with 
5% fetal calf serum (FCS), 100 U/mL penicillin, 
100 |jLg/mL streptomycin and 55 uM 2-mercaptoeth- 
anol (2-ME) (all from Invitrogen Corp.). The gp33 



(LCMV,_ 4 , KAVYNF ATM), OVA, 



(SII NFE 



Figure 6. Vaccination with Ag-loaded DCs boosts tumor protection in mice adop- 
tively transferred with PKO, but not WT, CTLs. (A and B) WT CTL and PKO CTLs were 
generated as described in the legend to Figure 1 and transferred i.v. into naive re- 
cipients. One day later recipient mice were vaccinated s.c. with DCs loaded with pep- 
tide Ag, DCs loaded with protein Ag, or DCs only, and challenged with tumor cells 
5 d later. Tumor appearance was monitored every 2-3 d and mice were scored as 
tumor positive when tumor size was in excess of 4 mm 2 . (A) Mice were injected with 
5 x 10 6 WT or PKO L318 CTLs and challenged with LL-LCMV tumors. The graph shows 
combined data from two independent experiments with a total of 1 3 mice/group. 
(B) Mice were injected with 1 x 10 6 WTOT-I CTLs and challenged with B16-OVA tu- 
mor cells. The graph shows combined data from two independent experiments with 
a total of 10 mice/group. NS, not significant; ** 0.001 < p < 0.01 by a log-rank test. 



KL) and OVA 323 _ 339 (ISQAVH AAH AEI NEA GR) 
peptides were purchased from Mimotopes Pty Ltd. 
OVA protein fraction V was from Sigma Aldrich Co. 

DC injection and immunization. DCs were pre- 
pared from the bone marrow of C57BL/6 mice by 
culture in 10 ng/mL mouse recombinant granulocyte 
macrophage colony-stimulating factor (rGM-CSF) 
and 20 ng/mL mouse recombinant interleukin-4 
(rIL-4), as previously described. 46 DCs were activated 
by adding 100 ng/mL of lipopolysaccharide (LPS, 
Sigma Aldrich Co.) on day 6, and loosely adherent 
cells were harvested by gentle pipetting on day 7. 

For immunizations, DCs were harvested and 
re-suspended at 1 x 10 6 cells/mL. Peptides were added 
to the cells at a final concentration of 1-10 u-M and 
cells were incubated at 37°C for 2-4 h. For OVA pro- 
tein loading, OVA was added to DCs in culture at a 
final concentration of 2 mg/mL for 48 h, LPS was 
added during the final 18-24 h. Cells were washed to 



development of perforin inhibitors,' 
of DC-based immunotherapy. 
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Materials and Methods 

Mice. All mice were maintained at the Malaghan Institute 
Biomedical Research Unit, Victoria University of Wellington. 
Experimental procedures were approved by the Victoria University 
Animal Ethics Committee and conducted in accordance with 
Institutional guidelines. C57BL/6 mice were originally from 
Jackson Laboratory; CD45-congenic B6.SJL-Ptprc" were from 
Animal Resources Centre; C57BL/6-./W' 1 "' mice were from the 
Walter and Eliza Hall Institute of Medical Research. The TCR 
transgenic strain Line318 41 was crossed to PKO mice 42 (Jackson 
Laboratories) for two generations to obtain PKO-Line318 mice. 
Line318, OT-I 43 and OT-II 44 mice were crossed to B6.SJL-ft?rc* 
mice for one generation to obtain CD45-heterozygous Line318, 
OT-I and OT-II mice, respectively. Dr5~'~ mice 45 were bred at 
the Penn State Hershey Cancer Institute and used according to 
Institutional Animal Care and Use Committee guidelines. 



remove excess Ag, and 1—5 x 10 5 cells were injected 
s.c. in 100 |xL. 

Generation of specific CTLs in vitro. Total LN 
cells from L318, PKO L318, or OT-I mice were cul- 
tured with LPS-treated DCs and Ag as described, 47,48 
and expanded in human rIL-2 for 1—2 d before trans- 
fer. This protocol routinely yielded cell populations 
that were 90-95% TCR Va + VP + CD62L low by flow 
cytometry and highly cytotoxic. 

In vivo DC cytotoxicity assays. LPS-treated DCs 
were labeled with fluorescent dyes so that their survival in vivo 
could be tracked. 14 One population of DCs was loaded with 
1 (JtM gp33 peptide or 10 |xM OVA ^ and labeled with the 
green fluorescent dye CFSE (Molecular Probes) while the second 
population of DC was left unloaded and labeled with the orange 
dye CTO (Molecular Probes), as described. Each mouse was 
injected intradermally into the distal forelimb or ear pinna with 
1 x 10 6 CFSE-labeled DCs and 1 x 10 6 CTO-labeled DCs. At 
various times after DC injection, draining LNs were harvested, 
incubated for 1 h at 37°C in an enzyme cocktail containing 
2.4 mg/mL collagenase II (Invitrogen) and 0.1 mg/mL DNase I 
(Sigma Aldrich), and passed several times through a 21G needle 
and then a gauze before flow cytometry analysis. The percent 
killed DC in individual LNs was calculated according to the for- 
mula: 100 - [(no. Ag-loaded DCs/ no. non Ag-loaded DCs in 
immune LN) x 100 / (no. Ag-loaded DCs / no. non Ag-loaded 
DCs in control LN)] . 

Adoptive transfer experiments. L318, OT-I and OT-II T cells 
were prepared from naive LN and spleen cell suspensions, positively 
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selected using anti-CD8 and anti-CD4 magnetic beads (Miltenyi 
Biotech GmBH), respectively, and labeled with 1 ljlM CFSE for 10 
min at 37°C. Labeling was stopped by adding FCS and IMDM, 
and cells were washed extensively before injection. CTL popula- 
tions generated in vitro as described above were labeled with CFSE 
using the same conditions. Cells were injected i.v. at the following 
doses: 5 x 10 6 L318 or PKO L318 CTLs (or as otherwise indicated), 
1-5 x 10 6 OT-I CTLs, and 1 x 10 6 naive L318, OT-I or OT-II 
cells. In each experiment, the CFSE-labeled cells were also CD45 
congenic with respect to the host and other adoptively transferred 
cells. Recipient mice were immunized with DCs with or without 
Ag, and/or challenged with tumor cells as indicated. 

Flow cytometry. Cell suspensions were incubated with the 
appropriate concentration of antibodies in PBS containing 2% 
FCS and 0.01% sodium azide. The anti-Fc7RII mAb 2.4G2 was 
used at 10 (xg/mL. All antibodies were from BD PharMingen, with 
the exception of anti-CD45.2, anti-granzyme B, anti-TNFa and 
appropriate isotype control antibodies, which were from eBiosci- 
ence. Anti-CD8 (clone 2.43) was purified in-house from hybrid- 
oma supernatants. Samples were analyzed using a FACSCalibur 
(Becton-Dickinson) and Flowjo software (Tree Star). Propidium 
Iodide (BD PharMingen) was used to exclude dead cells. 

Intracellular cytokine staining. Cell suspensions were cul- 
tured in complete IMDM containing 1 |xM gp33 and Golgistop® 
(BD Bioscience) for 4 h. Cells were harvested, surface stained, 
fixed and then permeabilized. Intracellular cytokines were 



detected using the BD PharMingen intracellular staining kit and 
anti-IFN"y, anti-TNFa, or appropriate isotype control antibodies 
as per manufacturer's specifications. 

Tumor challenge experiments. The gp33-expressing Lewis 
lung carcinoma (LL-LCMV) 49 and OVA-expressing B16 mela- 
noma (B16-OVA) 50 were maintained in complete IMDM 
containing 0.5 mg/mL Geneticin® (Invitrogen). Mice were chal- 
lenged with 1 x 10 5 LL-LCMV or 1 x 10 6 B16-OVA cells injected 
s.c. in the left flank, and examined every 2—3 d to monitor tumor 
growth as described. 49 Mice were scored as tumor-free if the 
tumor mass did not exceed 4 mm 2 . 

Statistical analysis. Statistical analyses were performed using 
the Prism GraphPad software. Statistical tests and significance 
thresholds employed are indicated in each figure legend. 
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